and high-throughput 7, 8 gene and drug delivery, biosensing 6, 9 and single-cell electrophysiology 6, 10 . However, using such probes for optical communication across the cellular membrane at the subwavelength level remains limited. Here, we show that a nanowire waveguide attached to the tapered tip of an optical fibre can guide visible light into intracellular compartments of a living mammalian cell, and can also detect optical signals from subcellular regions with high spatial resolution. Furthermore, we show that through light-activated mechanisms the endoscope can deliver payloads into cells with spatial and temporal specificity. Moreover, insertion of the endoscope into cells and illumination of the guided laser did not induce any significant toxicity in the cells.
Optical nanoscopy, a high-resolution technique that breaks the diffraction barrier, has been introduced recently to study chemistry, biology and physics in intracellular molecular processes [11] [12] [13] . Although current optical techniques have now reached the subcellular level, high-precision optical imaging systems are complex, expensive and bulky. Therefore, incorporating a nanophotonic component into simple, low-cost, bench-top optical set-ups would miniaturize spectroscopic analyses, and would be particularly useful for studying chemical and biological events inside single cells as well as their substructures. Fluorescence sensing techniques based on submicrometre tapered optical fibres have been developed for probing living biological specimens [14] [15] [16] [17] , but the requisite large and conical fibres mean that their illumination volume remains large and they can easily rupture cellular membranes. Nevertheless, fibre-optic fluorescence imaging techniques have unique features that can be incorporated into handheld optical systems and flexible endoscopes for minimally invasive imaging of opaque biological specimens such as tissues 18 . Integrating nanophotonic probes into the fibre-optic imaging system allows us to manipulate light at the nanoscale inside living cells for studying photoactive biological processes 19, 20 and for bioanalytical analyses 21, 22 .
Previously, we have shown that subwavelength dielectric nanowire waveguides can efficiently shuttle ultraviolet and visible light in air and fluidic media 23, 24 . Nanowires are promising for interrogating intracellular environments, because their small dimensions ( 100-250 nm) and mechanical flexibility minimize the damage they inflict on cellular structures and functions. Furthermore, because of their higher refractive index (n ≈ 2.1-2.2) than that of conventional optical fibre (n ≈ 1.5), the nanowires can guide visible light efficiently in high-index physiological liquids and living cells (n ≈ 1.3-1.5). In addition, the oxide surface of nanowires can be functionalized readily, enabling payload delivery and specific sensing inside cells. Recently, there have been an increasing number of efforts to interface nanowire arrays with living cells to modulate the physicochemical properties of the cells and deliver biomolecules into subcellular environments [25] [26] [27] . By controlling nanowire diameter, length and density, they can be safely internalized into the cell without disturbing cell proliferation and differentiation.
Here, by combining the advantages of nanowire waveguides and a fibre-optic fluorescence imaging technique, we have designed a novel nanowire-based endoscope system (Fig. 1a) for optical probing inside single cells and the spatiotemporal delivery of payloads into intracellular sites with minimal perturbation to the cellular system.
The nanowire endoscope was fabricated by bonding a SnO 2 nanowire to the tapered tip of an optical fibre ( Supplementary  Fig. S1 ,S2). Light travelling along the optical fibre can be effectively coupled into the nanowire and travel to the nanowire tip, where it is re-emitted to free space (Fig. 1b) . Mechanical stability is a fundamental requirement for biological probes for use in intracellular sensing and imaging. The nanowire endoscope is extremely flexible due to its small size and high aspect ratio, yet it is mechanically robust, and can endure repeated deformation, bending and buckling cycles without being peeled off the fibre. Figure 1d shows that, under 208 deformation, the nanowire remained firmly attached to the fibre tip. Also, the intensity of its tip emission did not show a significant fall-off compared to that when it was free of mechanical deformation (Fig. 1c) , indicating that the optical coupling also remained undisturbed.
Highly efficient optical coupling between the nanowire and the optical fibre is crucial for nanowire endoscopes to function as localized light sources. To test the waveguiding capability of the nanowire endoscope in a physiological environment and to visualize the intensity distribution of the endoscope emission, the endoscope was immersed in cell culture media, which contains fluorescent proteins that can be excited by the endoscope (Fig. 1e) . The profile of fluorescence intensity follows that of the endoscope emission (Fig. 1f,g ). For a highly efficient nanowire endoscope, the optical output is closely confined to the nanowire tip, offering highly directional and localized illumination. Despite the small dimensions of the nanowires, the large increase ( 33%) in environmental refractive index did not affect the optical coupling or light propagation, benefiting from the high refractive index of the SnO 2 .
The advantage of using nanowires instead of tapered fibre-optics for single-cell endoscopy is that nanowires are less invasive because of their fine diameters and uniform geometry. As in previous studies on silicon and gallium phosphide nanowire arrays [25] [26] [27] , where the nanowires were found to penetrate the lipid membrane of cells without causing any damage to cellular functions, the insertion of our SnO 2 nanowire into the cell cytoplasm did not induce cell death (Supplementary Table S1 , Fig. S5 ), apoptosis ( Supplementary  Fig. S6 ), significant cellular stress ( Supplementary Fig. S7 , Video S2) or membrane rupture ( Supplementary Fig. S8 ) under the experimental conditions required for the spot cargo delivery and endoscopy studies described below. In contrast, insertion of a tapered optical-fibre tip caused 40% of the plated cells to die, and also induced considerable cellular stress and cell membrane rupture (Supplementary Section II). Moreover, illuminating the intracellular environment of HeLa cells with blue light using the nanoprobe did not harm the cells, because the illumination volume was small (down to the picolitre scale; Supplementary Table S2) .
Having shown that the nanowires are biocompatible, we used the endoscopes to deliver payloads into specific sites in the cell. Carbon and boron nitride nanotube-based delivery systems have been reported previously 1, 28 , in which the payloads (for example, quantum dots, QDs) were attached to the nanotube by disulphide bond linkers, which are cleavable in the reducing environment of the cytoplasm. A major limitation of this passive delivery system is the long insertion time (20-30 min) and the lack of temporal control over the delivery process ( Supplementary Fig. S9 ). To reduce insertion time and improve temporal control during delivery, we attached QDs to the nanowire tip by means of photo-cleavable linkers (Fig. 2a-c ) that can be cleaved by low-power ultraviolet radiation. Following insertion into the cell and within 1 min of illumination by ultraviolet laser, the functionalized endoscope released the QDs into the intended intracellular sites (Fig. 2d,e) . Confocal microscopy scanning of the cell showed that the QDs were located within the cytoplasm, bordered by the fluorescently labelled membrane, confirming that QDs were successfully delivered (Fig. 2f) . Photoactivation at this level had no significant effect on cell viability (Supplementary Table S2 ). The QD delivery set-up could be further integrated by fabricating the nanowire endoscope with an ultraviolet transparent optical fibre, so that the required ultraviolet excitation can be delivered directly through the nanowire. The nanowire endoscope illumination is capable of high-resolution and high-contrast subcellular imaging and tracking of fluorescent species (Fig. 3a) . The illumination resolution was first studied with QDs because they have high fluorescence efficiency in cellular environments. A highly directional laser beam from the nanoprobe could selectively illuminate one of two QD clusters located 2 mm apart (Fig. 3b,c) . Intracellular fluorescent molecules, which are far less bright than QDs, can also be locally excited ( Fig. 3d-f; Supplementary Fig. S12-S14) . Because of the small illumination area (down to a picolitre scale) and the small separation that can be achieved between the light source and the fluorescent molecules, the endoscope illumination also ensures low background fluorescence and high imaging contrast. Figure 3d shows the fluorescence image of a HeLa cell stained with a fluorescent label that binds specifically to the cell membrane. Under such wide-field illumination, which is typical of epifluorescence microscopy, the whole cell membrane, both the top and bottom surfaces, was excited due to the large illumination depth. As a result, out-of-focus fluorescence can enter the focal plane of the objective and obscure the details of the in-focus image 29 . With its much smaller illumination depth, the nanowire endoscope can excite tiny areas on the cellular membrane with much lower background. Figure 3e ,f demonstrates the spot illumination capability when the nanowire approached the cell membrane from the side, and Supplementary Fig. S14 further shows that it is possible to distinguish the fluorescence signals from the top and bottom of the cell membrane with the highly localized endoscope illumination. Furthermore, the high-spatial-resolution imaging capability of the nanowire endoscope was not achieved by sacrificing its temporal resolution. The nanowire endoscope can also be used for subcellular fluorescence tracking (Supplementary Fig. S15 ) and is potentially useful for sensing molecular kinetics in intracellular substructures (such as mitochondria). using a focused 442 nm HeCd laser (middle) and endoscope illumination (right) with the same laser waveguided through the probe. In the middle and left panels, the dark-field illumination was left on to show the outline of the cell. Each cluster of QDs was delivered into the cell using the photoactive nanowire endoscope as described in Fig. 2 . A pH-sensitive endoscope was also fabricated by coating the nanowire tip with a polymer embedded with pH-sensitive dyes (Fig. 4a-e) . Preliminary tests showed that the functionalized nanowire endoscope can sense a change in pH in a submicrometre environment. The tip of the pH-sensitive endoscope, when immersed into microdroplets (,10 pl in volume) of buffer solutions of different pH values, was able to report pH-dependent fluorescence from the endoscope tip. A calibration curve with a sharp transition between pH 5 and 9 was established (Fig. 4f,g ).
As well as illumination from the tip of the nanowire endoscope, we also showed that fluorescence signals from subcellular regions can be collected through the endoscope. As illustrated in Fig. 5a -c, the fluorescence spectra of a single QD cluster in the cytoplasm was collected by the tip of a nanowire endoscope placed next to the cluster. Signal collection was very sensitive to the distance between the QD cluster and the nanowire tip (Fig. 5d,e) , opening up the possibility for high-spatial-resolution fluorescence mapping and probing of the interior of non-transparent living biological objects, which would be impossible for bulky near-field scanning optical microscope tips.
In conclusion, we have developed a versatile and biocompatible nanowire-based optical probe for intracellular cargo delivery with high spatiotemporal precision and endoscopy with high spatial and temporal resolution. These nanowire endoscopes are highly flexible and robust, both mechanically and optically, and can endure repeated bending and deformation during a cell-imaging process. The effective optical coupling between the fibre-optics and the nanowire enables highly localized excitation and detection, limiting the probe volume close to the nanowire. The endoscope is a promising candidate for high-resolution optical imaging, mapping and chemical/biological sensing, as well as for precision delivery of gene, proteins and drugs.
Methods
SnO 2 nanowire synthesis. This experimental procedure is described in the Supplementary Information.
Optical-fibre etching. This experimental procedure is described in the Supplementary Information. Nanowire endoscope fabrication. The fabrication procedure of the nanowire endoscope is illustrated by the schematics in Supplementary Fig. S1 . First, a SnO 2 nanowire (100-250 nm) was picked up from the substrate with a motorized threeaxis micromanipulator (spatial resolution, 100 nm per step) and put on top of the tapered tip of a chemically etched single-mode optical fibre with a cone angle of 3-58 and tip diameter of 300-500 nm (S405-HP and 630-HP, Thorlabs). The relative position of the nanowire and fibre tip was adjusted to minimize the scattering loss at the nanowire-fibre junction. A droplet of premixed epoxy glue (ITW Devcon) or polydimethylsiloxane (Sylgard 184 Silicone Elastomer, Dow-Corning) was then applied to the overlapping nanowire-fibre junction with the micromanipulator needle to bond them permanently.
QD conjugation onto the SnO 2 nanowire. This experimental procedure is described in the Supplementary Information. fetal bovine serum (FBS). The QD-conjugated photoactive nanowire endoscope mounted on the micromanipulator was slowly inserted into the nucleus or cytoplasm. The insertion region was immediately irradiated with the focused 325 nm HeCd laser at 0.4 mW cm 22 for 1 min, then the probe was removed from the cell. The fluorescence of QDs translocated into the cell was imaged under 442 nm laser excitation. For confocal imaging, HeLa cells were seeded into a 35 mm glass-bottom Petri dish with grids, following the same procedure mentioned above. Cells were randomly chosen from the grid-cell culture dish for light-activated QD delivery with the nanowire endoscope, and the positions of the cells operated on were documented for relocation. Cells were then fixed with 4% paraformaldehyde, stained with an Alexa Fluor 488 conjugate of wheat germ agglutinin (WGA, Invitrogen) and kept in Hank's Balanced Salt Solution (HBSS) for imaging. Confocal image was collected with a Zeiss 710 inverted laser scanning confocal microscope with a ×40 oil-immersed objective and 488 nm laser excitation. Subcellular imaging experiment. HeLa cells were seeded into a 35 mm Petri dish with grids and cultured overnight (22,000 cells per dish) at 37 8C in the presence of 10% FBS. For subcellular QD imaging, two QD clusters were pre-delivered to adjacent spots ( 2 mm apart) in the cytoplasm with photoactive nanowire endoscopes. An unmodified nanowire endoscope was placed close to the two QD clusters without direct contact with the cell membrane. The nanowire endoscope was mounted on the micromanipulator to offer precision control over the nanowire endoscope position. The distal end of the optical fibre was coupled to a 442 nm blue HeCd laser with an input power of 0.4 mW through a single-mode fibre coupler. For cell membrane illumination, HeLa cells were pre-treated with an Alexa Fluor 488 conjugate of WGA and kept in HBSS for imaging.
Local collection experiment. HeLa cells were seeded into a 35 mm Petri dish with grids and cultured overnight (22,000 cells per dish) at 37 8C in the presence of 10% FBS. The cells were pre-treated with aminated QDs for 1 h and rinsed several times with PBS. QD fluorescence was excited by a focused 442 nm blue laser. The nanowire endoscope was placed close to the QDs in the cytoplasm to pick up the local fluorescence signal. The distal end of the optical fibre was connected to a UV-vis spectrometer and the gratings were calibrated with 442 nm and 650 nm laser lines. The location of the nanowire endoscope was precisely controlled using the micromanipulator during the experiment.
